Marker-Assisted Selection for Disease Resistance in Wheat and Barley Breeding
Disease resistance is an important trait in public and commercial plant breeding. For each breeder, it is a critical decision for which diseases resistance selection should be performed because each additional trait reduces selection intensity for all other traits given a fixed population size or requires a higher budget. This decision is governed by the yield losses that are caused by the disease, the importance to the farmer, the alternative measures for disease control, the availability of resistance sources, their durability (definitions, see Box 1) and the input needed for selection. Molecular markers might stimulate selection gain because they can be assessed in high-throughput techniques at a very early growth stage with high heritability and they are relatively cheap since the advance of single-nucleotide polymorphism (SNP) detection platforms. Besides technical questions, the availability of markers with a linkage as close as possible to genes of high impact, ideally based on the gene sequence ("perfect marker"), is the most critical point for successful marker-assisted selection (MAS) and/or marker-assisted backcrossing (MABC).
WHAT IS AVAILABLE?-A BIOLOGICAL POINT OF VIEW
Disease resistances can generally be divided into qualitative and quantitative resistances (Box 2). From an epidemiological point of view, qualitative resistances act against some races (racespecific, vertical), whereas quantitative resistances are similarly effective against all races of a pathogen (non-race-specific, horizontal; 37). Genetic analysis of progenies from crosses between resistant and susceptible parents reveal either a qualitative, discontinuous distribution of infection type (mono-/digenic inheritance according to the segregation ratio) or a quantitative, continuous distribution of disease severity (oligo-/polygenic inheritance). The latter is also called partial resistance by some authors (26) . It should be noted that this simple classification scheme does not fully reflect nature's complexity and exceptions frequently occur. Qualitative resistances often involve a hypersensitive reaction governing a very high level of resistance, sometimes even a complete resistance. They are easy to handle for the breeder, can often be assessed in seedling stage, but are prone to lose their effectiveness by rapid changes in pathogen populations. Numerous markers of different types are available for many enhancing the response from selection because molecular markers can be applied at the seedling stage, with high precision and reductions in cost. About each of 50 genes conferring monogenic resistances and hundreds of quantitative trait loci (QTL) for quantitative disease resistances have been reported in wheat and barley. For detecting single-major gene resistance, MAS could be easily applied, but is often not necessary because the resistances are selected phenotypically. In quantitative disease resistances, MAS would be very useful, but the individual QTL often have small effects. Additionally, only a few monogenic resistances are durable and only a few QTL with high effects have been successfully transferred into elite breeding material. Further economic and biological constraints, e.g., a low return of investment in small-grain cereal breeding, lack of diagnostic markers, and the prevalence of QTLbackground effects, hinder the broad implementation of MAS. Examples in which MAS has been successfully applied to practical breeding are the wheat rust resistance genes Lr34 and Yr36, the eyespot resistance gene Pch1, the recessive resistance genes rym4/ rym5 to barley yellow mosaic viruses, mlo to barley powdery mildew, and two QTL for resistance to Fusarium head blight in wheat (Fhb1 and Qfhs.ifa-5A). Newly identified broad-spectrum resistance genes/QTL conferring resistance to multiple taxa of pathogens offer additional perspectives for MAS. In the future, chip-based, highthroughput genotyping platforms and the introduction of genomic selection will reduce the current problems of integrating MAS in practical breeding programs and open new avenues for a molecularbased resistance breeding.
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wheat and barley diseases, including viruses, fungi, insects, and nematodes (17) plus additional markers and mapped genes identified during the past decade. To date, each of about 50 genes could be routinely used for MAS in wheat and barley breeding programs (described below). The main question that remains is whether these genes will be durable.
Quantitative resistances are inherited by several genes with minor effects being dependent on nongenetic effects, like host growth stage, host organ, and environment (12) . They can in practice only be selected in the respective plant stage in the field across several environments (locations, years) and molecular markers should be a great benefit for selection. Markers linked to the genes that underlie a quantitative trait are designated as quantitative trait loci (QTL, further definitions see Box 3). Numerous studies, however, have shown that many quantitative resistances are conditioned by a great number of QTL with small effects. Analyzing 85 QTL studies of 18 crops, Kover and Caicedo (18) found an average of 4.6 QTL per pathosystem with a range from 0 to 18. An individual QTL explained on average about 20% of phenotypic variance and the range was 0 to 87%, where the high values may refer to monogenic resistances with partial effects. In conclusion, for MAS to be feasible, the QTL should explain at least between 10 and 20% of phenotypic variance in the original mapping population. Modern mapping approaches including new types of plant populations and recently developed biometrical tools, like joint linkage association mapping or nested association mapping, will stimulate detection of further QTL that might be more independent of genetic background.
WHAT IS COMMERCIALLY FEASIBLE?-AN ECONOMICAL POINT OF VIEW
In North America most wheat and barley breeding programs are run in public institutions, whereas in Europe they are practiced by private companies and financed by royalties from the farmers who buy seed. Therefore, economical features might be in Europe of higher importance for assessing MAS than in the United States or Canada. The relatively low economic margin for breeders of selfpollinating crops might be one cause why they have been relatively reluctant to incorporate MAS to date. In contrast, the private-sector breeding companies have done major investments in MAS infrastructure and intensively use it in breeding of maize (17) and of several other hybrid crops, including sunflower and sugar beet.
Economic constraints cover not only costs of genotyping, but also questions of how to integrate MAS effectively into commercial breeding programs to enhance the gain from selection (20) . MAS provides no advantage for monogenic resistances already expressed in the seedling stage that can be easily selected in seedling or by detached-leaf segment tests. For monogenic, adult-plant resistance governing durable resistance, it should be advantageous to select the respective resistance alleles using markers already in a very early stage of selection. But it should be noted that such a fixation of whole breeding programs for individual major genes will provide an extremely high selection pressure to the pathogen that might endanger even genes previously thought to be durable. Additionally, the genomic region where the gene is located will also be fixed, preventing the selec-
BOX 1
Definitions of terms for disease resistance as used in this paper
Adult-plant resistance
Resistance only visible in the adult stage of a plant, i.e., at the generative phase (contrast seedling resistance). Adult-plant resistance can be inherited mono-or oligogenically. Adult-plant resistance need not be durable.
Broad-spectrum resistance locus/QTL
Individual locus/QTL that confers resistance to multiple races of a pathogen species or multiple taxa of pathogens.
Durable resistance
Resistance that remains effective for a long period when applied on a large scale in a region that is undergoing regular epidemics of the pathogen (16) .
Epistasis
Interaction between genes at different loci.
Partial resistance
Resistance locus/QTL that do not provide a complete resistance irrespective of the mode of its inheritance. QTL are always partially expressed, but some monogenically inherited resistance genes also show partial expression, e.g., Lr34, Yr36, and Pch1. The term partial resistance, often used synonymously with quantitative resistance, is therefore ambiguous.
Pathosystem
Combination of a specific host and pathogen species or a complex of closely related pathogen species.
Race
Genotypes within a pathogen species that are distinguishable by their virulence, e.g., all yellow rust isolates infecting wheat genotypes with the resistance gene Yr17 belong to the same race. Races mostly are a complex combination of virulences, thus 'pathotype' might be a better term.
Qualitative resistance
Race-specific, monogenically inherited resistance (Box 2), also named vertical resistance (37) or hypersensitivity resistance (26) although not all resistance genes show this phenotype, e.g., Lr34.
Quantitative resistance
Resistance inherited by several genes with minor effects (Box 2), usually non-race-specific and prone to nongenetic interactions, also named horizontal resistance (37).
tion of economically important genes/QTL of that region that are not present in the resistance donor. Simulation studies showed that the introgressed region might span as much as 32 cM in the sixth backcross generation when the gene of interest is in the middle of the chromosome (32) . This is even more problematic when pyramiding several resistance genes. Most experiments on QTL detection in cereals allow only the estimation of wide chromosomal regions of 10 to 20 cM due to restricted population sizes. Further validation in independent populations, especially in elite material, is subsequently required to assure the use of the contributing QTL and their markers in practice. Often there is a lack of consistency of the effect of the same QTL between populations and studies, caused by QTLgenetic background (epistasis, linkage) or QTL-by-environment interactions.
In breeding practice, selection using QTL is more complex than phenotypic selection alone. Issues such as reduction of selection intensities and relative emphasis given to each trait make optimal selection more difficult, with a need for using adequate relative weights of the introgressed QTL and considering the genotypic portions of the total variance for each trait at each generation.
The genetic constraints of MAS from a practical point of view are at present: (i) the restricted availability of "diagnostic markers", i.e., markers that could be used in multiple genetic backgrounds, (ii) the fixation of large genomic regions by selecting several genes/QTL located, e.g., on the same arm of the chromosome, and (iii) linkage drag, i.e., unwanted effects of the introgressed QTL for other agronomically important traits, e.g., yield penalty.
At the current stage of MAS in small-grain cereal breeding, markers should not be viewed as a complete replacement for conventional selection techniques, especially due to the high number and the genetic complexity of the selected traits. It must be noted
BOX 2
The concept of qualitative and quantitative resistance. Terminology in resistance research is inconsistent because of the use of terms from different scientific backgrounds. Van der Plank (37) coined the epidemiological terms 'vertical resistance' and 'horizontal resistance' by confronting several races of Phytophthora infestans with different cultivars. Variety A, incorporating resistance gene 1, is resistant only to those races that do not possess the matching virulence 1 (=race-specific resistance, vertical resistance). Variety B is resistant to all races (=non-race-specific resistance, horizontal resistance). The genetic basis of resistance can be analyzed by crossing a resistant with a susceptible parent and infecting the segregating progenies with the pathogen. This takes three generations (parental, F 1 generation, and F 2 generation/double-haploid lines). If only one gene with full expression is responsible for the resistance and no environmental effects occur, a qualitative segregation will appear. The 3:1 segregation ratio from the example indicates a monogenic-dominant inheritance (1 = incompatible, 6 = fully compatible). When disease resistance is inherited in a more complex manner (oligo-or polygenically), the outcome of a progeny test will be quantitative, i.e., a continuous distribution from low to high disease severity resembling a normal (Gaussian) distribution (1 = healthy, 9 = fully diseased).
in this context that individual disease resistances alone are not an argument for releasing a variety. A combination of precise phenotypic and marker data with the use of more sophisticated statistical models will be essential for the further implementation of MAS in practical breeding.
POSITIVE EXAMPLES OF MAS IN PRACTICAL BREEDING PROGRAMS
Compared with the huge number of marker studies published during the last decades, the use of these markers in selection programs by practical plant breeders has been insufficient and disappointing as stated by Xu and Crouch (41) . The authors identified four areas in which MAS should be successful: (i) traits that are difficult to manage through conventional phenotypic selection because they are expensive or time-consuming to measure, have low penetrance or complex inheritance; (ii) traits whose selection depends on specific environments or host developmental stages; (iii) maintenance of recessive alleles during backcrossing or for speeding up backcross breeding in general; and (iv) pyramiding multiple monogenic traits or several QTL for a single disease resistance with complex inheritance. Additionally, molecular markers are a perfect tool for genetic studies, especially for evaluating the genetic architecture of a trait and to detect covariation among agronomically valuable traits, e.g., between disease resistance genes/QTLs and those for heading date or plant height. It might be helpful to look at some selected examples in which markers were widely adopted by practical breeding programs to discern what is needed for the future.
Easy going and fast: Monogenically inherited resistance genes in wheat and barley. MAS is a straight-forward technique for implementing or pyramiding monogenic resistances into breeding material because it is easy to find closely linked markers. In publicly financed wheat breeding programs of the United States, Australia, Canada, and CIMMYT, about 50 genes have been suggested for MAS, including resistance genes to powdery mildew, leaf rust, stem rust, stripe rust, several rust resistances combined, Mycosphaerella (anamorph Septoria) tritici, Oculimacula yallundae, cereal cyst nematode resistance, hessian fly, different aphid species, Barley yellow dwarf virus, Wheat streak mosaic virus, and Soilborne cereal mosaic virus (9, 14) . A similar number of resistance genes is available in barley to leaf rust, powdery mildew, Rhynchosporium secalis, Pyrenophora teres f. teres, Barley yellow dwarf virus, and Barley yellow mosaic virus complex (7). For most of these genes, robust markers and laboratory protocols are available, but it is not clear from literature how wide they are really used in practical breeding. According to a British service lab (http://www.mrsltd.com/molecular.asp), molecular markers are used in barley for detection of rym4/rym5 against the Barley yellow mosaic virus complex in more than 10
BOX 3

Markers and marker techniques
Allele mining
Identification and access to allelic variation of a sequenced gene that affects the plant phenotype. The DNA sequence or parts of it are used for searching new allelic variants of the same (resistance) gene.
Diagnostic marker
Markers that could be used in multiple genetic backgrounds, ideally the marker-trait association is valid in all germplasm.
Genomic selection
Selection based on genomic breeding values that are calculated as the sum of the effects of dense genetic markers, or haplotypes of these markers, across the entire genome, thereby potentially capturing all QTL that contribute to variation in a trait and similarly to multiple traits.
MABC: marker-assisted backcrossing A molecular marker is used for indirect selection during backcrossing of the gene/QTL of interest into elite material.
Mapping
Assigning markers, genes, and/or QTL in order, indicating the relative distances among them, and assigning them to their linkage groups on the basis of their recombination values from all pairwise combinations.
Molecular marker
Specific fragments of DNA with a known location on the chromosome that can be identified within the whole genome and reveal neutral sites of variation. Markers that are in close linkage with a particular gene/QTL of interest can be used for MAS.
MAS: marker-assisted selection
A marker (morphological, biochemical, or one based on DNA/RNA variation) is used for indirect selection of a gene/QTL.
Perfect marker
A marker without recombination to the gene of interest, ideally drawn directly from the gene sequence.
QTL: quantitative trait locus/loci
Location of a gene that affects a trait measured on a quantitative (linear) scale. QTL are identified via statistical procedures that integrate genotypic and phenotypic data.
SNP: single nucleotide polymorphism DNA sequence variation occurring when a single nucleotide in a shared sequence differs between members of a biological species or paired chromosomes in an individual.
SSR: single sequence repeat
Also called microsatellite. It consists of a specific sequence of DNA nucleotides that contain tandem repeats, e.g., GTGTGTGTGTGT would be referred to as (GT) 6 . Alleles at a specific locus can differ in the number of repeats.
breeding programs throughout Europe, of mlo powdery mildew resistance gene with the possibility to distinguish between the two main sources of the gene in commercial varieties, and of a gene for R. secalis. In wheat, clearly the Pch1 gene counts as a gene which is routinely used in wheat breeding, similarly some of the rym genes in barley breeding. Still the access to diagnostic markers is often a problem. For most of the 13 major Stb genes for resistance to M. graminicola (Septoria tritici; 13), for example, closely linked molecular markers are described in the literature, but with a few exceptions they are useful only in the mapping populations where they have been detected, but not in other elite breeding material (V. Korzun, personal communication). Furthermore, most of the known Stb genes are ineffective against current pathogen populations (8).
In the past, many race-specific resistances of wheat and barley to powdery mildew (Blumeria graminis) and of wheat to yellow/ stripe rust (Puccinia striiformis) failed when introgressed alone or in pyramids into commercial cultivars. This was even true for genes like Yr11, Yr13, and Yr14 that express a partial resistance in adult plants (16) . The question that arises is whether race-specific resistance genes at all are durable enough to be relied on. This is hard to answer because the durability of a resistance gene can only be judged after many years of widespread use in a region with frequent epidemics (16) . However, based on about 5 decades of experience, resistance to biotrophs which relies on a hypersensitive response and is controlled by a single gene is very unlikely to be durable. It might be worthwhile to also select in these pathosystems for quantitative resistances, a strategy that was successful for powdery mildew in wheat cultivars (23) , leaf rust in barley (Puccinia hordei; 28), and common rust in maize (P. sorghi; 34). In these cases, commercial breeders did not rely on largely ineffective race-specific resistances, but gradually increased the level of quantitative resistance by recurrent selection. To avoid confounding effects with effective major genes segregating in the population, a seedling test should be applied firstly. Screening either with all effective virulences and virulence combinations present in the region or a highly virulent race would remove all major genes from the population that can afterwards be analyzed in the field for adult-plant resistance (28) . It is, however, not possible to differentiate between polygenic quantitative resistance and race-specific adult-plant resistance without hypersensitivity response.
Only a few monogenically inherited fungal resistance genes are considered durable, e.g., mlo against powdery mildew in barley, rym4/rym5, a multi-allelic locus with resistance to Barley mild mosaic virus (BaMMV) and Barley yellow mosaic virus type 1 (BaYMV-1; 27), Lr34 conferring resistance to leaf rust, stripe rust, and powdery mildew (21) , and Yr36 providing high-temperature dependent resistance with a partial effect to a broad spectrum of races of stripe rust (35) . These genes have in the meantime been cloned (5, 10, 19, 33) and perfect markers directly drawn from the gene sequence are available. Another example of a monogenic, durable resistance gene is the Pch1 gene governing resistance to strawbreaker or eyespot (O. yallundae). The genes Lr34, Yr36, and Pch1 express a partially effective adult-plant resistance.
Recessive resistance genes and effective backcrossing: Barley/BaMMV, BaYMV. The BaYMV/BaMMV complex was previously known from Japan and first detected in Europe in 1978 in Germany and, since then, the viruses have spread over large acreages causing one of the most important diseases of winter barley today (27) . Resistance sources are quite frequent in cultivated barley and several monogenic, recessive resistance genes (rym1 to rym15) have been detected and mapped on five chromosomes (27) . Today, rym4/rym5 is most widespread and was introgressed into elite populations using simple sequence repeat markers. In Germany, for example, 52 out of 62 released winter barley cultivars are resistant to the most widespread strains (3). MAS was the method of choice for introgression because (i) the resistance is recessive, (ii) the resistance to BaYMV cannot be screened on the single-plant level in the greenhouse, and (iii) pyramiding of several genes (rym5, rym9) is necessary (39) to confer resistance to all presently known virus strains. The rym4/ rym5 locus has been cloned recently and turned out to be the translation initiation factor 4E (Hv-eIF4E; 33). Detailed analysis showed that specific SNPs confer resistance to different strains of both viruses, and rym4 and rym5 are alleles with only seven SNPs out of 645 base pairs being different. Several new alleles of this resistance gene have been detected by resequencing about 1,000 entries of the Gatersleben gene bank (27) , illustrating the power of allele mining once the gene sequence is available.
Stacking QTL with large and stable effects: Wheat/Fusarium head blight. Fusarium head blight (FHB) is a worldwide important disease mainly caused by Fusarium graminearum. Selection is tedious because the resistance is inherited oligo-/polygenically, is highly affected by genotype-by-environment interaction, and must be performed in artificially infected plots. The QTL Fhb1 for FHB resistance is to date the only disease resistance QTL that is routinely used in wheat breeding, although since 1992 at least 331 QTL studies have been published on disease resistance in wheat according to an actual SCOPUS database search. Fhb1 explained 20 to 40% of phenotypic variation in the mapping populations (2, 4, 43) and was validated in diverse wheat backgrounds (1, 25, 42) . Today, it is widely used in the United States and Canada, for example in the U.S. cultivar Alsen (11, 22) . A second QTL useful for MAS is Qfhs.ifa-5A on chromosome 5A, explaining 23% of phenotypic variation in the mapping population (4). Marker-based introgression of both QTL in independent, elite spring wheat lines resulted in QTL effects of 10% reduced FHB rating for each of Fhb1 and the 5A QTL (25) . These values are considerably less than those estimated in the original mapping populations but this is typical for QTL studies (36) . Performing one cycle of recurrent selection with a spring wheat population where both QTL have been introgressed resulted in a mean realized response from selection of 3.2 versus 4.4% per year for the phenotypic versus marker variant, respectively (40) . The main advantage of MAS was halving the cycle length of selection because crossing, selfing, and selection by MAS could be done in 2 years, whereas phenotypic selection needed 4 years due to the necessity of adult-plant testing in the field. From this study, it was suggested that the best way to use the full range of quantitative variation for resistance is to apply MAS followed by phenotypic selection. This procedure allows the incorporation of minor QTL which have been undetected in QTL mapping studies. The best progeny of this study had a similar resistance and similar low DON content in elite background as the resistant donor. In accordance with the findings of Salameh et al. (30) , both QTL acted additively together independently of the genetic backgrounds. This underlines the interest in combining major QTL to increase the resistance level. Somers et al. (31) used a MAS program for introgressing six validated FHB resistance QTL, orange blossom midge resistance (Sm1) and leaf rust resistance (Lr21) into elite spring wheat during two backcrosses and two selfings within 25 months; however, it is not clear whether new varieties came from this program or selected lines have been used in prebreeding.
Marker-based backcrossing of the two QTL Fhb1 and Qfhs.ifa-5A in European elite winter wheat also resulted in a significant improvement of FHB resistance. Because of the very high yield of winter wheat in Germany, northern France, and the UK, breeders are extremely cautious to use nonadapted germplasm. In the marker class containing both QTL, grain yield of progeny was significantly reduced by 1.6% in one of the two backcross populations, the other population was not affected (38) . Because no fine mapping of this QTL is available, it cannot be concluded whether the small yield penalty in one backcross population is due to pleiotropy or linkage drag. Entries with only one of either QTL showed no significantly different grain yield compared with the class without QTL in both backcross populations. Due to the significant phenotypic variation for FHB resistance and grain yield within each marker class, selection of lines with improved resistance and a high yield level similar to that in the recurrent parent should be feasible. For other agronomic and quality traits, differences were small in all cases, although often significant. Similar results were obtained by Salameh et al. (30) , who stressed the effect of the recurrent parent on the final FHB resistance level after MABC. In conclusion, both resistance QTL are effective and stable in elite spring and winter wheat backgrounds and can be used for MAS without any known agronomical penalties.
This example nicely demonstrates the long time frame required from QTL mapping to the introgression of these QTL into practical breeding programs. In this case it was fortunate that (i) Fhb1 is one of those QTL for disease resistance with the highest explained phenotypic variance found to date, (ii) the marker alleles linked to the resistance allele are not present in European and North American elite wheat, and (iii) near-perfect markers are available. The situation is much more complicated in pathosystems like wheat/M. graminicola where a high number of QTL with mainly low effects prevail (6, 29) .
Recently, broad-spectrum resistance (BSR) QTL have been detected in wheat conferring quantitative resistance to multiple taxa of pathogens, e.g., on chromosomes 4D, 6D, and 7B for resistance to Septoria tritici blotch (STB) and FHB, on chromosome 4B for STB and Stagonospora nodorum blotch (SNB), and on chromosome 5B for SNB and FHB, all detected in the adultplant stage (24) . Similarly, Zwart et al. (44) reported that a major QTL each for seedling resistance to STB and tan spot that were contributed by one parent and linked in repulsion with the coincident Lr24/Sr24 locus carried by the other parent. Accordingly, the Lr34/Yr18/Pm38 locus refers to a single gene that is effective against three biotrophic fungi (19). Such BSR QTL offer a good chance for improving multiple disease resistances by using just a few markers.
WHAT IS NEXT?
Xu and Crouch (41) highlighted the fact that despite a tremendous input in developing molecular markers during the last 20 years, only a few examples exist of registration of new cultivars resulting from MAS. This might be because monogenic traits that are easy to handle are not necessarily prone to marker application and vice versa, that most economically important traits are not accessible for MAS, because too many loci are involved with too small effects, a high impact of genotype-by-environment interaction and/or epistastic effects that hinder the use in each geographic region or genetic background.
This reticence toward the use of MAS in practical wheat and barley breeding might change in the next years by technological improvements. With the implementation of chip-based, highthroughput genotyping platforms, the cost of marker analysis will be less important. Whole genome array-based assays, like the 9k iSelect Infinium HD assays for wheat and barley (www.illumina. com), have just started to be used in breeders' labs, mainly focusing on marker discovery for specific traits of high economic importance. Once closely linked SNPs have been detected, several techniques allow the routine selection of favorable alleles in breeding populations (e.g., Illumina GoldenGate assay, KASP markers from KBioscience). The implementation of MAS for high-priority disease resistances will become routine work. The ultimate genotyping platform would be genotyping by sequencing, now becoming available for the first crops.
If genomic selection (15) will be successful in plant breeding, allelic variation at all known resistance loci in a crop will be selected in the future together with those for other agronomic traits all at once by medium-to high-density chips and the effectiveness of individual markers will not be restricting. Even if individual genes/QTL have only a low impact on disease resistance, they might help improve germplasm during several cycles of genomic selection. Then quantitative resistances could be handled easier and much more efficiently than nowadays. Genotypes with the desired combinations of alleles can be preselected before expensive field testing. However, until now only a few studies on genomic selection using single traits have been published, and for multistage selection with a lot of economically important traits, as necessary for wheat and barley breeding, still biometrical achievements have to be made and to be implemented in computer programs that are easy to use. Genetic constraints, like epistasis, linkage between wanted and unwanted QTL alleles or questions how to efficiently enhance genetic variation, will however stay a challenge for cultivar development. Another continuing task will be to make new effective resistance genes/alleles available for the well-known disease and for newly arising diseases caused by global climate change or intensified globalization. This will remain a challenge for phytopathologists and plant breeders.
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